Abstract-In this study, we explore a new approach for analyzing changes in the gender pay gap that uses direct measures of job tasks and gives a comprehensive characterization of how work for men and women has changed in recent decades. Using data from West Germany, we find that women have witnessed relative increases in nonroutine analytic and interactive tasks. The most notable difference between the genders is, however, the pronounced relative decline in routine task inputs among women, driven, at least in part, by technological change. These changes explain a substantial fraction of the closing of the gender wage gap.
I. Introduction
T HE closing of the gender wage gap is an ongoing phenomenon in industrialized countries. Most research investigating potential explanations has focused on factors such as education and experience, for which recent changes have been more favorable for women than for men. However, a substantial portion of the improvement in women's labor market opportunities remains unexplained. 1 One reason is that empirical research has been limited in its ability to directly compare women's work to that of men.
In this study, we apply a new approach for analyzing changes in the gender pay gap that uses direct measures of job tasks and gives a comprehensive characterization of how work for men and women has changed in recent decades. The strategy is based on the task-based framework introduced by Autor, Levy, and Murnane (hereafter ALM, 2003) . In addition to the analysis of task changes, this framework also allows us to investigate one of the potential underlying causes of changes in occupational skill requirements: workplace computerization. In this framework, the work performed in an occupation is broken down into a series of tasks, each of which can be characterized based on its substitutability or complementarity with computers. Hence, it becomes predictable how each occupation is likely to be affected by the introduction of computers.
Using a rich, survey-based data set from West Germany covering 1979 to 1999, we are able to measure skill requirements directly by using the task composition of occupations; that is, survey participants indicated the activities they perform on the job. Occupational skill requirements are characterized by five categories of tasks: nonroutine analytical (such as researching and analyzing), nonroutine interactive (such as managing and organizing), routine cognitive (such as calculating and bookkeeping), routine manual (such as operating machinery), and nonroutine manual (such as serving and repairing).
We find that women witnessed relative increases in nonroutine analytical and nonroutine interactive task inputs, which are associated with higher skill levels. The most notable difference between the genders in task changes is, however, the strong decline in routine tasks experienced by women and almost not at all by men. When applying a fixed coefficient model to quantify how much of the closing of the gender wage gap is accounted for by differential task changes, we find that relative task changes explain as much as 50% of the convergence we actually observe.
We then turn to possible explanations for these task changes. Our analysis reveals that, consistent with the technological change hypothesis, task changes were most pronounced within industry and occupation cells. Only minor parts of the aggregate trends are attributable to women moving toward more skill-intensive occupations or industries, a phenomenon that has attracted much attention in the literature. 2 In addition, changes were predominantly within cohorts, suggesting that it is not changing selection into the workforce. Task changes occurred most rapidly in occupations in which computers have made major headway.
The paper unfolds as follows. Section II discusses the conceptual framework, section III describes the data set, and section IV presents the patterns of task changes between 1979 and 1999. Section V relates these changes to the closing of the gender wage gap. Section VI examines possible explanations. Section VII discusses implications of this work in terms of the polarization of the labor market, and section VIII concludes.
II. Conceptual Framework
In an effort to better understand the link between technology and labor demand, the recent literature has adopted a task-based view of technological change (see ALM, 2003) . 3 The major feature of this framework is that it conceptualizes work as a series of tasks and classifies tasks into routine and nonroutine activities, with the terms routine and nonroutine characterizing the relationship between the respective task measure and computer technology. Both manual and cognitive routine tasks are well defined in the sense that they are easily programmable and can be performed by computers at economically feasible costs-a feature that makes routine tasks amenable to substitution by computer capital (Levy & Murnane, 1992) . Nonroutine tasks, in contrast, are not well defined and programmable and, as things currently stand, cannot be easily accomplished by computers. However, computer capital is complementary to both analytical and interactive nonroutine cognitive tasks in the sense that computer technology increases the productivity of employees performing these tasks. This task framework is applied in ALM and in recent work by Spitz-Oener (2006) , who document the relationship between computer adoption and changing tasks at the aggregate level, within industry (ALM, using U.S. data) and within occupations (Spitz-Oener, using data for West Germany). As predicted, the evidence suggests that tasks have shifted from routine manual and routine cognitive tasks toward analytical and interactive nonroutine tasks at all levels of aggregation in recent decades. The framework thereby identifies the mechanism that underlies the relative increase in the demand for high-educated employees. However, there is little work using the task-based framework to analyze how the content of work has changed for women relative to men. 4 Because computers are substitutes for routine tasks, the task framework implies that demographic groups (in our case, men and women) that differ initially in their routine task intensity will be affected differentially by workplace computerization. 5 First, groups with higher initial routine task intensities will experience faster rates of computer adoption. Second, they will experience larger relative shifts away from routine tasks toward nonroutine tasks. Third, depending on the magnitude of the elasticity of substitution between routine tasks and computers, the demographic groups will experience differential changes in their wages. In the ALM model, computer capital and labor are assumed to be perfect substitutes in carrying out routine tasks. As a consequence, the evolution of computer prices (which is the driving force in the model) determines the evolution of prices for routine tasks onefor-one. Technological advancements in computer production and the resulting declining price of computer capital thus lead to declining prices for routine tasks. Hence, relative prices of nonroutine tasks rise owing to the declining prices of routine tasks. 6 While the model is general equilibrium in nature and refers to a single macroeconomy, it can be applied to the question of how the skill content of work of different demographic groups is related to computerization if these demographic groups started with different initial conditions. As we will show later, women's routine task intensity in 1979 was much higher than men's routine task intensity, an observation that supports the notion that computerization will have a differential effect on men and women.
III. Data
We use two West German data sets for our analysis: the Qualification and Career Survey and the IAB employment sample. The main advantage of the Qualification and Career Survey is that it includes information on both the activities that employees perform at work as well as computer use. These data are then matched to the IAB employment sample, an administrative data set with the major advantage of providing precise information on wages. The matching is done at the occupation level as both data sets follow the same occupational classification.
The Qualification and Career Survey is an employee survey carried out by the German Federal Institute for Vocational Training (Bundesinstitut für Berufsbildung, BIBB) and the Research Institute of the Federal Employment Service (Institut für Arbeitsmarkt-und Berufsforschung, IAB). It contains four cross-sections launched in 1979, 1986, 1992, and 1999 , each covering about 30,000 individuals, both men and women. 7 For ease of exposition, we use the 1979 and 1999 waves for our analysis, including only occupations with both men and women in both years. 8 This data set is particularly well suited to analyze changes in skill requirements within occupations for a number of reasons. Unlike the Dictionary of Occupational Titles (DOT) data set for the United States-the data set that researchers often use for questions related to tasks-these data use a consistent set of occupational classifications; the constant occupational titles thus provide the reference point for the analysis. 9 Another major improvement over previous data is that survey respondents indicated themselves what kind of activities they perform on the job. It is very unlikely that this causes an underestimation of true changes in job content. 10 Occupational skill requirements are based on the activities that employees have to perform at the workplace. We pool these activities into five task categories, and each occupation has a value for each task category: nonroutine analytical tasks, nonroutine interactive tasks, routine cognitive tasks, routine manual tasks, and nonroutine manual tasks. Table  1 illustrates the assignment of activities to the five categories. 11 For individual i, the task measures (T ikt ) are defined as
Number of activities in category k performed by individual i in time t Total number of activities in category k at time t ϫ 100, 1979, 1986, 1992, and 1999 , and k represents the task group, including nonroutine analytical tasks, nonroutine interactive tasks, routine cognitive tasks, routine manual tasks, and nonroutine manual tasks. For example, if individual i indicates that she performs two interactive tasks and the category has four tasks, then her interactive task measure is 50. 12 The data set also includes detailed information on the tools and machines the employees at the workplace use. Our measure of computer use is a variable indicating whether the employees use any of the following on the job: computers, terminals, and electronic data processing machines.
Employees are classified based on their vocational education: 13 (1) people with low levels of education, that is, those with no occupational training; (2) people with a medium level of education, that is, those with a vocational qualification who either completed an apprenticeship or graduated from a vocational college; and (3) people with a high level of education, that is, those holding a degree from a university or technical college.
Our wage data come from the Administrative Social Security Records, also known as the IAB employment sample, a 2% representative sample of administrative social security records in Germany covering 1975 to 2001. The sample, which includes more than 200,000 employment spells per year, provides precise information on daily wages for all individuals who contribute to the social security system; this represents about 80% of the German workforce (among the excluded groups are the self-employed and civil servants). The major shortcoming is that these data are right-censored at the contri-7 For details on the data set, see Spitz-Oener (2006) . 8 We lose approximately 10% of our sample by restricting the data to occupations that include both men and women. However, results are insensitive to this restriction.
9 Table A1 lists the occupations considered. 10 The credibility of the analysis in this study would be impaired if the answers provided by male and female survey participants were systematically biased toward certain categories of tasks. This is unlikely, as survey participants indicate only whether they perform certain activities and do not assign scores to the different measures. In addition, most of the analysis is performed in first differences; the reporting bias therefore would pose a problem only if it changed over time. 11 The data set does not include information about the time spent on different activities. In addition, while most questions remained the same over time, there were some changes in questions concerning the activities employees perform at the workplace. For consistency, we reduced the activities in each category to those that are comparable over time. 12 We tested the sensitivity of our results to our choice of task measure by also trying the share of total tasks an individual performs in each category. The results are robust to this choice. 13 School qualifications are not considered, that is, it is not important which of the three different school streams (Hauptschule, Realschule, or Gymnasium) an individual attended. bution assessment ceiling for the pension insurance (a similar problem encountered by researchers using the Current Population Survey). The deficit mainly concerns employees with high levels of education, for which censoring affects more than 50% of the wage observations. Because of this, we restrict the wage analysis to employees with low and medium levels of education only. 14 Our wage sample consists of prime-age workers (aged 25-55) in West Germany who are working full time (38 or more hours per week), though not necessarily all year round. 15 Our wage measure is the daily wage, averaged over the number of days the worker worked in the respective year. In order to adjust for the differences in working days, we additionally weight the observations by the number of days worked per year in the analysis. 16
IV. Patterns of Task Changes
Figure 1 illustrates the evolution of task inputs of women relative to men between 1979 and 1999 by showing the proportional difference in task changes relative to 1979; that is, growth in female task inputs minus growth in male task inputs. Table 2 shows the absolute values of task categories for men and women in this period and demonstrates again how differently they have evolved. It is striking that all the changes in task inputs have been larger for women than for men. In the earliest period, men's analytical task inputs were more than twice as high as those for women, while women had higher routine cognitive and routine manual task inputs. However, by 1999, women appear to be catching up to men in terms of analytical skills and, even more, interactive skills. For routine cognitive and routine manual skills, where women had dominated 20 years earlier, men have taken over, and nonroutine manual skills, which were used primarily by men in 1979, have a larger importance in women's work relative to that of men in 1999. 17 These patterns are very similar across education groups. Table 2 also shows the results for each education group separately. Within each group, women have experienced large relative increases in analytical task inputs. For low-and medium-educated employees, the differences in analytical skill requirements between the genders are small by 1999, while for highly educated employees, the difference is still notable in 1999. The difference in interactive task inputs between the genders is small for all education groups by 1999. Women have witnessed large relative decreases in routine tasks, both cognitive and manual, at all education levels, and large relative increases in nonroutine manual task inputs. 18
V. Role of Changing Tasks on the Gender Wage Gap
Given these patterns, we next examine how these changes in tasks relate to the change in the gender wage gap over this period. Between 1979 and 1999, the gender wage gap among low-and mediumeducated workers declined by 9.3 percentage points in West Germany. Our simple thought experiment is to ask, "How would the gender wage gap have evolved if prices and other characteristics had remained constant but tasks had changed?" That is, in the absence of any price changes, how much of the closing of the gender wage gap could we explain just by changing tasks?
To do this, we use a fixed coefficients model where we calculate gender-specific task prices using data from 1979. Task prices are estimated from a log-wage equation with gender-specific controls for age and education; the unit of observation is the genderoccupation cell. Using the coefficients on the individual tasks as our "prices," we then predict how the gender wage gap would have changed had only the task composition changed and everything else been held constant at the 1979 level. When we do this exercise, we can explain almost 50% of the change in the gender wage gap over this period. 19
VI. Sources of Task Changes
What can explain the changes in tasks that we observe? There are a number of hypotheses, including a changing selection of workers into the labor market; changing product market demand due, for example, to increased international trade; and technological change. We next evaluate the evidence on sources of task changes.
14 This could introduce selection issues into our study. However, recent evidence suggests that the gender wage gap convergence has been the most pronounced for low-and medium-educated employees (Fitzenberger & Wunderlich, 2002) . In addition, as we will show in section IV, task changes have been more pronounced for low-and medium-educated employees than for high-educated employees. 15 Because of retirement incentives, employees over the age of 55 are a highly selected group; as a result, we focus only on prime-age workers between the ages of 25 and 55. However, the patterns we observe in tasks over time are insensitive to the inclusion of older workers. 16 Our results are robust to alternative weighting schemes. 17 To get a sense of what types of occupations are most affected, sales representatives, bank and insurance clerks, and engineers experienced large declines in routine cognitive tasks; electricians, precision mechanics workers, assemblers, gardeners, librarians, and judicial officers all experienced large declines in routine manual tasks; and technical service workers, teachers, clergy, and social workers experienced large increases in nonroutine manual tasks. 18 We restricted the analysis to occupations that include both men and women; therefore, segregated occupations are excluded from our analysis. We did analyze occupational segregation, however. The main finding is that, similar to the developments in the United States, occupational segregation has declined in West Germany in recent decades. Most important for our analysis is that the pattern of task changes in segregated occupations is very similar to those in nonsegregated occupations. 19 Regressions available from the authors on request. 
A. Changing Worker Selection
One hypothesis is that the patterns we observe are being driven by changing characteristics of working women (and men) over time. 20 We know, for example, that in more recent cohorts, girls performed better than boys in school, and it could be that the patterns we are observing are due to cohort effects. To examine this, we look at the evolution of tasks within cohorts (see table A2 ). Interestingly, cohort effects do not appear to play a role in explaining task changes within each gender or in explaining task changes for women relative to men.
B. Changing Employment Demand
The gender-specific changes in tasks over time can be broken into two components: (1) changes in the distribution of men and women across occupations or industries (or both) and (2), changes in the task composition within occupations or industries (or both). The technological change hypothesis predicts that changes in tasks should be observed within industry or occupation, representing a change in the production process. Changes across industries would be more consistent with changing product demand.
To distinguish these hypotheses, we decompose the changes in the difference between men and women into those that are due to changes in the employment of men and women between cells and those that are due to differential changes in task inputs within cells. 21 We do the decomposition for occupation cells, industry cells, and industry-occupation cells. Overall, the decompositions suggest that task changes have occurred primarily within occupa-20 See recent work by Mulligan and Rubinstein (2008) . 21 Formally, the change in the gender gap in tasks can be decomposed as follows: tions and industries, which is consistent with the idea that technological developments are a major cause for the changing skill patterns we observe. Interestingly, for all task categories and all cells, within-cell task changes have been larger for women than for men. 22
C. Computer Adoption
In this paper, we focus on workplace computerization as our measure of technological change. The last column in table 2 shows that not only the evolution of tasks has been different between the genders; the proliferation of computers has also evolved differently. In 1979, men were about 20% more likely to use computers than women, while the difference in computer use had declined to 6% by 1999.
We next test the substitution and complementarity effects between computerization and task inputs predicted by the task framework. We collapsed the data set into occupation-gender-year cells for this purpose. Table 3 shows the results of the firstdifference relationship between workplace computerization and workplace tasks. As before, we restrict the analysis to the overall period, 1979 to 1999, so the difference is between the 1979 and 1999 waves. The dependent variables are the changes in the respective task measures between 1979 and 1999. Each column represents a separate OLS regression.
The results show that occupations that saw greater increases in computerization witnessed larger increases in analytical and interactive task requirements combined with greater declines in routine manual and routine cognitive task requirements. We can use these results to quantify how much of the gender-specific task changes could be accounted for by computerization. The coefficients of the analytical task equation in column 1 indicate that about 72% of the changes in analytical tasks of women and 8% for men were accounted for by computerization. 23 In the case of interactive tasks, the figures are 94% for men and 54% for women. Computerization more than fully accounts for the changes in routine cognitive tasks for both men and women and for the routine manual task changes for men.
VII. Polarization
A by-product of the task-based framework is that it has reinvigorated the discussion on the "polarization" of the labor market that began at the start of the 1990s. 24 In the task-based framework, computers are a complement to the analytical and interactive tasks that are most often used by high-skilled workers, computers are substitutes for routine tasks that are most often performed by medium-educated workers, and they have no predictable effect for nonroutine manual skills most often used by the lowest-skilled workers. As a result, we expect the largest effect of
where Y gtj is the average value of the tasks for gender g (M ϭ men; F ϭ female) at time t in cell j and ␣ gtj is the proportion of gender g employed in cell j at time t. Terms 2 and 3 represent the fraction of the total change in the gender gap in a particular task that can be attributed to changes within cells, while the fourth and fifth terms represent the fraction of the total change in the differences that can be attributed to changes in the gender-specific employment composition of cells. 22 The detailed results can be found in the NBER working paper version of this paper (Black & Spitz-Oener, 2006) . 23 The unconditional (weighted) means of the dependent variables are shown at the bottom of table 3. The figures indicate an average increase in the analytical task measure for women of 9.52 percentage points. Using the coefficient of .124 (.011 ϩ .113) and the mean value of changes of computer utilization for women (55 percentage points), this implies that approximately 72% of changes in analytical tasks is accounted for by changes in computer use. 24 See, for example, Acemoglu (1999) , Levy and Murnane (1992) , Goos and Manning (2007) , and Autor, Katz, and Kearney (2006) . workplace computerization on middle-educated workers, who are most likely to be engaged in routine manual and routine cognitive skills. We indeed find evidence of this polarization for both women and men. Interestingly, and in line with the task changes that we observe for the two genders, the polarization tendency in the labor market has been larger for women than for men in recent decades. 25
VIII. Conclusion
Since the 1970s, women have experienced great improvements in terms of labor market success. Most research has attributed this success story to supply factors, whereas demand-side explanations have played only a minor role. In this study, we apply a task-based framework to examine the role of differential task changes on the closing of the gender wage gap. The advantage of this task-based approach is that we are able to directly compare the content of women's work to that of men. In addition, we are also able to relate the changes to technological developments, a major argument for demand-side changes in the labor market.
We find that changes in work content have been larger for women than for men along all dimensions we consider. In particular, we show that although women experienced large relative increases in nonroutine interactive tasks and also in nonroutine analytical tasks, the most striking difference between the genders is the marked decline in routine tasks experienced by women and almost not at all by men.
In addition, we find that relative task changes are important in explaining the closing of the gender wage gap. Task changes are able to account for a substantial fraction of the closing of the gender wage gap in recent decades.
When investigating the potential sources of task changes, we find that technological change might be important in explaining the phenomena, as task changes were most pronounced within industries and occupations and occurred most rapidly in occupations in which computers have made major headway.
Finally, this paper contributes to the discussion on polarization that has experienced revitalization owing to the task-based approach. We find evidence of polarization in employment for both women and men. Interestingly, and in line with the task changes that we observe for the two genders, the polarization tendency in the labor market has been larger for women than for men in recent decades. 
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